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ABSTRACT
Investigations were carried out to study the effects of deformation 
of a metastable beta phase on the high temperature mechanical properties 
of Zr-3%Mo and Zr-3%Mo-l%Al alloys.
On quenching, both alloys retained the high temperature beta phase 
which on subsequent ageing transformed to an omega phase at 400°C and 
alpha + ZrMo2 phases at 500°C and 600°C. A high hardness was associated 
with the formation of the omega phase in both alloys as well as the 
alpha phase of the Zr-3%Mo-l%Al alloy.
Room temperature deformation of Zr-3%Mo after quenching produced 
an increase in hardness solely due to work hardening. In the Zr-3%Mo-l%Al 
alloy, in addition to work hardening, deformation induced a transforma­
tion from B to a, which produced a rapid increase in hardness. Primary 
nucleation of the transformed product as thin platelets was observed 
at twin and deformation band boundaries. These platelets were located 
on the (111) beta planes. Electron microscopy studies showed that 
(111) g || (1120)a and (100) ^  || (1012)a . It was also found that the 
amount of transformation was dependent on the degree of deformation and 
the deformation temperature. At room temperature, the transformation was al­
most complete after 25% reduction in thickness.
Ageing the strain transformed Zr-3%Mo-l%Al alloy between 400°C 
and 600°C resulted in a substantial increase in hardness at 400°C and 
this has been associated with the precipitation of fine stable a from 
the strain induced a,platelets. Ageing above 400°C resulted in softening; 
the hardness essentially decreased to that of the quenched and aged 
alloy at 600°C.
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I INTRODUCTION
The development of high strength zirconium-base alloys as 
pressure tube material for operation at elevated temperatures in 
natural uranium fuelled reactors is controlled to a great extent 
by the neutron capture cross-section of the alloy, and this in 
turn is a direct function of the nature and amount of the various 
alloy additions. Under these circumstances, the optimum alloy 
which can be developed is one which contains the minimum amount 
of specific alloy additions necessary to achieve the strength, 
creep and corrosion properties required under operating conditions.’*' 
One method of improving mechanical properties without exces­
sive addition of alloying elements is by thermomechanical process­
ing. In some materials, notably steels, considerable effort has 
been devoted to achieving improvement in mechanical properties by 
this method.
There are many thermomechanical processing schedules; however,
the one common factor in each is the deformation of the high
temperature phase either prior to or during its transformation. In
some ferrous materials, notably the higher nickel steels and some
stainless steels, the high temperature phase can be retained on
quenching. Deformation of the metastable phase at room temperature
often results in a martensitic type transformation and a corresponding
2 3 4significant improvement in mechanical properties. ’ ’
In non-ferrous materials, while some work on room temperature 
and low temperature strain induced transformations of metastable
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
2phases has been carried out,^’^  little significant effort has been 
devoted to achieving superior mechanical properties by this technique. 
This is particularly true for both titanium, a metal which in many 
respects is similar to zirconium, as well as for zirconium base alloys 
themselves.
7 8Robinson et al and Dogmala et al , have shown that Zr-5.5%Mo
and Zr-3.3%Mo alloys, when quenched from the beta region, retained
the 6 phase at room temperature. Their investigations, which were
directed to the decomposition of the 3 phase on ageing showed that
below 450°C the hard brittle m phase was formed, while above 450°C<a
and the intermetallic ZrMo2 phases were produced. They did not concern
themselves with the effect of deformation on the stability of the
metastable 3 phase.
The following investigation was undertaken to determine the
effect of strain on the structure and mechanical properties of a
metastable Zr-3%Mo alloy. Since aluminum is known as a potent a
9
strengthener and stabilizer in both zirconium and titanium alloys , 
the alloy Zr-3%Mo-l%Al was also studied in parallel.
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3II LITERATURE REVIEW
A. 3 t a TRANSFORMATION IN ZIRCONIUM AND TITANIUM.
C. Zwikkek^ using electrical resistivity and thermal expansion
measurements, was the first to report a transformation in zirconium in
1926. The transformation temperature was determined by R. Vogel and
W. Tonn^ in 1931 as 862 + 5°C, a value which is still accepted
12today. One year later, W. Burgers found that the crystal structure 
of the high temperature phase was body centered cubic and showed that 
zirconium had two allotropic modifiations; alpha (a) zirconium which 
is close packed hexagonal (CPH) and stable up to 862°C, and beta (g) 
zirconium which is stable from 862°C to the melting point, 1860°C.
Titanium in many respects is very similar to zirconium. It 
has the same two phases at high and low temperatures and its trans­
formation temperature of 882 + 5°C is quite close to that of zirco- 
13 14nium. ’ its mechanical properties and alloying characteristics are
in addition similar to those of zirconium.
There has been considerable study by numerous investigators of
the mechanism 6f the 8 t- a transformation in zirconium and titanium.
Walker and Bordland'*'^  concluded that the transition in zirconium
occurred by a systematic shearing of atomic planes from their old
positions to their new positions.
16Duwez in 1951, using quenching experiments, noted that the 
transformation in titanium was attained by a diffusionless mechanism, 
probably a result of shear and homogeneous changes in volume.
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
In 1959, Gaunt and Christian^ observed a rumpled surface and
a needle-like martensitic structure on quenching zirconium samples
18with prepolished surfaces, while in 1962, Srivastava and Parr con­
cluded that the 6 % a transformation in titanium and zirconium was 
a shear process on rapid cooling. However, on slow cooling, they 
found the structures different, and suggested variant operative
mechanisms at different cooling rates.
19A. McMullen in 1964, using rapid quench equipment to study 
zirconium and zirconium-hihhinm alloys, deduced that the transforma­
tion occurred by a combination of diffusional and shear processes.
20Finally, Squire and Kaufman determined that the zirconium 
transformation was a "second order" phase transformation based on 
the continuous nature of the transition in their magnetic suscep­
tibility curves.
B. EFFECT OF TYPE AND AMOUNT OF ALLOYING ELEMENTS ON THE
METASTABILITY OF ZIRCONIUM AND TITANIUM BASE ALLOYS.
21A.D. Schwope in 1953 compared the properties of zirconium 
with titanium and iron, all of which possess allotropic transforma­
tions, and discussed the effect of various alloying elements on the 
transformations. He concluded that elements such as niobium, 
tantalum, molybdenum, tungsten, vanadium, etc.... with a large 
number of outer "d" electrons enlarged the beta field and lowered 
the transformation temperature (beta stabilizers). Elements such
as boron, aluminum, tin, antimony, lead, etc with a smaller
number of outer "d" electrons in addition to oxygen, nitrogen and 
carbon were found to raise the transformation temperature (alpha 
stabilizers).
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522Other approaches were attempted by Uy and Burr in 1961 and 
23Luke, Taggart and Potes in 1963. The former postulated that the 
existance of a number of intermediate phases and the extent of the 
solid solubility ranges in a variety of alloy systems could be 
related to the electron to atom concentrations as suggested by Hume- 
Rothery. From their studies it was proposed that a definite relation­
ship existed between the density of electronic states and the metallic 
constitution of titanium and zirconium base alloys quenched from the 
beta field. The formation of an omega phase (a type of transition 
phase between beta and alpha phases) would occur over a well defined 
electron to atom ratio range and for compositions below this range, 
martensitic alpha would be formed. For compositions above this range, 
(D E/^ of 4.14), the beta phase would be retained. The latter authors 
used the Pauling theory to suggest that under a valence of four, the 
alloying element would be on alpha stabilizer, and above four, a beta 
stabilizer.
24Lenavov and Kachev schematically represented the effect of 
a beta stabilizer on the metastable constitution of zirconium and 
titanium as illustrated in figure 1. If the amount of the 3 phase 
stabilizer does not exceed C ,^ then quenching would produce a marten­
sitic phase of the a 1 type. If the concentration of the beta phase 
stabilizer is from to two phases would exist, a' and id. When
the percentage of alloying element was between C  ^and C ,^ then the 
beta phase produced should transform when stresses are applied.
Above the retained beta phase would be stable. A similar approach
25to that described above has been taken by Fedotov
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
6862
Temperature
t tu + 6 6a
% 8 stabilizer
Figure 1. A schematic diagram showing the probable quenched products 
with increasing beta stabilizing additions.
750
Temperature
8+ZrMo
500
a+ZrMo
250
7.50
w t  % Molybdenum
Figure 2. The partial Zr-Mo phase diagram.
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
To explain the effect of the beta stabilizer, Duwez and 
others proposed that additions of the stabilizer decreased the Ms 
temperature to a point below room temperature where the beta phase 
could be retained. Other explanations have been sought using time- 
temperature studies which will be discussed further on.
C. EFFECT OF MOLYBDENUM AND ALUMINUM AS ALLOYING ELEMENTS IN 
ZIRCONIUM.
The two alloying elements used in this study were molybdenum
and aluminum. Molybdenum is a beta stabilizer and its characteris-
24.
tics are in agreement with the studies of Linavov and Kachev
Some major properties of this element when alloying in zirconium
2 ^
are described below using results obtained by Dogamala et al
(1) Limit of solid solubility of Mo in beta Zr is 22% at the 
eutectic temperature.
(2) Sluggish eutectoid decomposition of 8 t- a + ZrMo2 occurs 
at 7.5% Mo and 780°C.
(3) Limit of solid solubility of Mo in a Zr is less than 0.18% 
at all temperatures.
(4) ZrMo2 has a cubic structure with a lattice parameter of 
7.59 A°.
Aluminum, on the contrary, was found to be an a stabilizing 
element as its addition in titanium and zirconium raised the Ms 
temperature. Also, this element increased the strength of the a 
phase both at room temperature and at elevated temperature as well
9
as increasing the thermal stability of the beta phase on quenching. 
Some basic alloying properties of aluminum in zirconium are
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
8given below:
(1) Maximum solubility of Al in 3 Zr is 9.5% at the eutectic 
temperature.
(2) There exists an intermediate phase Zr^Al at low amounts of 
aluminum content.
D. EFFECT OF QUENCHING RATE AND TEMPERATURE ON THE TRANSFORMATION 
OF METASTABLE PHASES IN TITANIUM AND ZIRCONIUM ALLOYS.
The effect of quenching rate from the beta region on the forma­
tion of various phases in titanium and zirconium alloys has been
27
investigated by many groups. The Fulmer Research Institute and
28Slattery and Springfields both noted a reduction in transformation
temperature with an increase in quenching rate in Zr-Nb alloys, while
a similar observation in Ti-Cu alloys was made by Srivastava and 
18Parr. The temperature of soaking, also apparently, is a variable
in the determination of transformation temperatures as noted by
28Slattery and Springfields.
The mechanisms of transformation in these classes of alloys
have also been investigated. Srivastava and Parr noted that below
a critical cooling rate the transformation temperature remained
constant. On the basis of surface observations they postulated a
diffusion controlled transformation above the critical rate and a
non-diffusion controlled mechanism, probably shear, below it.
29Williams and Gilbert , studying the Zr-Nb system determined 
that on rapid cooling a twinned a' phase was formed but on slow
30
cooling i a plates were produced. In the same system, Stewart et al 
showed the decomposition to be 3 - to - a’ - a with decreasing cooling
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
32
rates while Ellis et al observed a Widmanstatten type structure in 
Zr-2.5%Nb under extremely slow cooling conditions.
31In a more complex alloy, Zr-2%Cr-16%Fe, Slattery confirmed 
the same general tendency, noting a diffusion controlled transforma­
tion at low cooling rates and a shear type transformation at higher 
rates.
E. ISOTHERMAL TRANSFORMATIONS IN ZIRCONIUM AM) TITANIUM BASE 
ALLOYS.
Ageing the retained beta phase in titanium and zirconium base
alloys at high temperatures, above 500°C, produced a diffusion control-
33 34led equilibrium a structure as well as an intermetallic compound. ’
35However, on ageing at lower temperatures, Brotzen et al , studying
Ti-V alloys, showed that at these lower temperatures a brittle
phase evolved from the retained beta phase. This phase is also known
as the (o phase. On continued ageing an a" phase formed from the w
36phase. Similar results were obtained by Shackner and Rostiker in
Ti-Mo and Ti-Cr alloys as well as by Robinson et al^ and Dogamala et
al in Zr-Mo alloys.
In recent years, much research has been carried out in an
attempt to explain the above phenomena in zirconium and titanium
38alloys. In 1963, Cometto et al studied Zr-Nb alloys using 
resistance, X-Ray diffraction and dilatometer techniques. They 
concluded that the omega phase could be formed by either quenching 
or ageing. The former was produced by a diffusionless transformation 
while the latter by a diffusion controlled process.
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By means of electron microscopy studies, Blackburn and 
39Williams observed in Ti-V alloys that the transition of oo to a" 
on ageing occurred by a heterogeneous nucleation of a number of 
alpha platelets near or at the g:w interfaces. Hickman HO using 
X-Ray diffraction techniques also examined the tempering character­
istics of Ti-V alloys about 400°C. He first noticed the formation 
of co from the retained g phase, followed by a" on continued ageing. 
This was observed until the co phase disappeared. Detailed studies 
of this stage of the ageing process suggested that the a" phase was 
formed by a direct conversion from the co phase rather than by a 
separate nucleation and growth. This postulate was based on the 
observation that the a" phase which formed had the omega phase 
composition and not that of the equilibrium a phase.
In 1969, Chaturvedi and Tangri^irtudied Zr-Nb alloys and 
concluded that co aged ->■ a + 3^. These results were quite similar 
to those of Hickman.
F. NATURE OF THE METASTABLE STATES.
In zirconium and titanium alloys a number of metastable phases 
can be produced. These are dependent on the particular alloying 
additions, quenching rate and soaking temperature. According to 
the classification of many authors, such phases may be the a', a" 
a) and g metastable phases.
The a' phase is that phase which is formed on quenching pure 
titanium or zirconium,with alpha stabilizing additions, or, titanium 
or zirconium containing a limited amount of beta stabilizing additions. 
This phase is a supersaturated solid solution based on a hexagonal
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
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25
crystal lattice of the equilibrium a  phase. Its formation substan­
tially increases the hardness of the alloys and its structure appears 
to be strained, a cicular and martensitic in nature. ^
When the amount of beta stabilizing elements in titanium and 
zirconium reaches a critical value, it is thought that the Ms
temperature falls below room temperature. Therefore, the high
16 33temperature beta phase can be retained on quenching. ’ This
metastable phase can usually be transformed to a more stable con­
figuration by deformation or ageing. The beta phase is associated
25
with a low hardness, a high ductility and a low yield strength.
If the amount of beta phase stabilizing additions is just
below the critical amount, or if the quench from the beta field is
25 33 43
sufficiently rapid, a brittle metastable to phase can be formed. ’ *
This phase can also be produced by low temperature ageing of the 
retained beta phase.37,38,41,44 ^ccor(jj_ng to above references, 
the to phase formed by quenching is diffusionless in nature, while 
the to phase produced by ageing is diffusion controlled. In either 
case, the to phase has a hexagonal lattice about three times the size 
of the cubic beta lattice.25,45,37,46 formation is always
accompanied by an increase in density and it appears to coexist with
the beta phase.25 >41
The a" phase, which is produced by low temperature ageing,is 
a hexagonal close-packed structure with an almost identical lattice 
spacing as the stable a phase and martensitic phase. This phase 
forms from the <o transition phase on ageing. However, there is still 
some discussion concerning the mechanism of its formation. Most 
recent investigations conclude that it is produced by a diffusionless 
transformation from the w phase.
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G. CRYSTALLOGRAPHIC DATA
(1) X-RAY DIFFRACTION PHASE IDENTIFICATION
For the purpose of Identifying certain phases in the research 
discussed in this paper, a series of accepted X-Ray diffraction 
values for zirconium and its molybdenum alloy are given below:
47g zirconium at room temperature (a0 = 5.038 - bcc)
"d" value 2 "6" angle "hkl" plane
2.52 35.7 110
1.80 51.6 200
1.45 64.2 211
1.27 75.0 220
1.13 86.0 310
a zirconium at room temperature^  (a0 = 3.232 - hep)
’d" value 2 "9" angle "hkl" plane
2.80 32.0 100
2.53 34.9 002
2.46 36.5 101
1.89 48.0 102
1.62 56.9 110
1.46 63.5 103
1.40 66.8 200
1.37 68.6 112
1.35 69.6 201
1.29 73.5 004
1.23 77.6 004
1.17 84.4 104
7 38a) phase for Zr-5.5%Mo at room temperature ’ (a0 = 5.04 - hex)
'd" value 2 "0" angle "hkl" plane
3.12 28.6 001
2.50 35.9 110
1.96 46.3 111
1.78 51.4 201
1.65 55.8
1.56 59.2 002
1.45 64.2 300
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
13
7 38oi phase for Zr-5.5%Mo at room temperature * (a0 = 5.04 - hex)
"d" value 2"8" angle "hkl" plane
1.33 70.7 112
1.26 75.4 220
1.13 86.0 131
1.07 92.2 302
48ZrMo„ phase for Zr-Mo alloys (a0 = 7.58 - fee)
"d" value 2"0" angle "hkl" plane
2.69 33.3 220
2.28 39.5 311
2.18 41.4 222
1.89 48.2 400
1.54 59.9 422
1.46 63.8 333
1.34 70.1 440
1.20 79.9 620
1.16 83.3 533
(2) ORIENTATION RELATIONSHIPS.
12In 1932, Burgers using X-Ray crystallographic methods
determined the orientation of the g phase with respect to the a
phase in zirconium at the transition temperature. He showed that
the transformation could occur by a shear along a (112) plane of
the g phase parallel to a [lllj ^ direction on the plane. In this
manner, it was found that the hexagonal crystals lay with their basal
planes (0001) parallel to the (11(8) planes of the cubic crystal.
52Weinig and Machlin in 1954, produced a stress induced
transformation at room temperature from g to a' in a Ti-ll%Mo alloy.
The orientation relationship between the g phase and the a* phase
was (101)gj |(0001)a» and (111)g||(1120) ,. These results were 
49verified by Liu in the same year using powder diffraction techniques 
on quenched samples of a Ti-ll%Mo alloy.
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Austin and Doig , studying low temperature ageing properties 
of Ti-Cr alloys, determined that the transformation of 3 to a" had 
similar orientation relationships to that of the transformation of 
3 to a'. That is, (110) [I(0002) „ and (111) [ j(1120)
P  0i [j 0t
In 1955, Polonis and Parr‘S  investigated the orientation
relationships in quenched Ti-Ni alloys using stereogram and "spotty
diffraction" techniques. They concluded that in addition to the
(Oll)^|j(0002)^, relationship, the following relationships existed:
(222)g||(2130)a ,, (200)e||(10l2)o, and (211)g||(10l3)a,.
Orientation relatioships between the 3 and co phases have also
37been studied. Hatt and Roberts in 1960| investigating Zr-V alloys, 
found that the relationship between 3 and co on ageing was (0001)^1|
(lll)g and (2110)^1|(101)g. Their resutls have since been
33 51confirmed by Cometto et al in 1965 , Erickson et al in 1967 ,
41and Chaturvedi and Tangri in 1969
(3) HABIT PLANES.
Two different kinds of transformations have been observed in
zirconium and titanium alloys, and these are characterized by habit
13plane indices of (334)g and ( 3 4 4 ) (Liu and Margolin , Weinig
52 17and Machlin , and Gaunt and Christian ).
17 53Investigating Ti-Mo alloys, Christian ’ observed that the
shear directions all lay close to the great circle through (111)0
3
and (011)g, and also near the (111)^ pole. Most martensitic habit 
planes lay nearer the (334) rather than the (344). planes. He also
p  p
showed that in zirconium, the habit planes lay a little nearer the 
(001) - (111) boundary than in titanium.
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H. EFFECT OF DEFORMATION ON PHASE TRANSFORMATIONS.
Since martensitic transformations involve a general lattice 
distortion, it would be expected that transformation could be induced 
by externally applied stresses. There are many alloys in which 
deformation does produce such a transformation. The transformation 
observations indicate that the tendency for plastic strain to produce 
a transformation diminishes as the temperature is raised above Ms. 
Above a temperature designated as Md which is ^ Ms, the strain is 
no longer effective.^
Below are discussed some important theories on effects of 
deformation on the martensitic transformation. The first two deal 
with athermal martensite, the third with the nucleation of marten- 
site, and the last with isothermal martensite.'^5'^
(1) PHENOMENOLOGICAL THEORIES.
(i) ZENER THEORY 
Zener"^ has suggested, assuming that plastic strain was a 
homogeneous shear with simultaneous readjustment of atomic spacings, 
that a plot of free energy vs. shear in the appropriate direction 
could account for the transformation. He showed that as the tem­
perature was lowered the material changed from a stable phase to a 
metastable phase. Then at the Ms temperature, the material became 
unstable. The stability of the material was based on the necessary 
shear stress for transformation, the more stable the material the 
larger the shear stress.
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(ii) SCHEIL THEORY.
58Scheil proposed that transformation and slip were alterna­
tive ways of achieving plastic strains of the lattice. Thus, 
deformation by transformation would occur spontaneously at Ms with­
out stress, and more readily than slip at any temperature below a 
temperature denoted as Md. Above Md, deformation would occur by slip 
only. This picture lead to the expectation that the high temperature 
phase would be very soft within the transformation range, and that 
the elastic limit would increase from zero at Ms to a maximum at Md.
(iii) REACTION PATH THEORY.
In this theory it was postulated that the existence of strained 
embryos in the high temperature phase provided part of the activa­
tion energy for the nucleation process. These embryos were visualize 
to be regions of localized strain in which the atoms were displaced 
part way along the path to their ultimate positions in the martensite. 
An applied stress could contribute to a further displacement in the 
embryos enabling them to act as nucleation sites for martensitic
plates. This theory has been applied successfully to various 
61 62systems ’ in which deformation produced distorted regions (twins,
slip bands, etc ) which were favoured sites for the nucleation
of martensite.
(iv) MACHLIN AND COHEN THEORY.
60 63In 1952, Machlin and Cohen ’ extended the Reaction Path 
Theory to fit the problem of deformation and the isothermal marten­
sitic transformation. They stated that the high temperature phase
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on cooling contained localized regions of very high strain (embryos). 
These highly strained regions as a consequence of thermal fluctuations 
on isothermal holding could act as nucleation sites for the forma­
tion of martensite. They also predicted and showed that deformation 
could accelerate the isothermal transformation to an extent, depend­
ing on the degree of distortion. Most transformation occurred on 
deformation at low temperatures, far below the isothermal holding 
range.
(2) STRAIN TRANSFORMATIONS IN TITANIUM ALLOYS.
It has been shown in numerous titanium alloys that the 
retained beta phase can undergo decomposition by strain from the 
bcc phase to a hep phase. This transformation is believed to be 
martensitic.
49In 1956, Liu retained the beta phase on quenching 
Ti-15%Mo alloys. On deformation of this phase a transformation to
a 1 was observed as well as mechanical twinning.
6 A-Hiltz , in 1959, studied strain induced transformations in 
titanium alloys and revealed that the transformation was not a 
primary mode of deformation. It started shortly after yielding 
and was essentially complete prior to achieving the maximum load.
He also stated that the martensitic plates in the deformed regions
could propogate into unstrained regions and aid the deformation.
65In 1969, Erickson et al used transmission electron 
microscopy to study the effects of thinning and deformation in 
Ti-Cr alloys. They observed that the spontaneous transformation 
product was a platelike fee structure which formed on twinned (111)
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planes. The deformation induced martensite was a hep structure.
39
Blackburn and Williams also observed spontaneous and strain 
induced transformations in other titanium alloys.
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Ill EXPERIMENTAL
As discussed in the Introduction, the results of the work 
described in this thesis were the result of experimentation on 
two zirconium base alloys: Zr-3 wt.% Mo and Zr-3 wt.% Mo-1 wt.% A1
Both alloys, their form and composition described in APPENDIX I, 
were provided by the Atomic Energy of Canada Limited.
The alloys were first solution treated in the (3 region and 
then quenched. Both alloys were then deformed 30% by rolling and 
aged at 400°C, 500°C and 600°C for periods of 8 and 24 hours. In 
addition, samples of both alloys were subjected to the ageing 
treatment without an initial deformation so as to obtain a basis 
of comparison on the effect of prior deformation. The results of 
these treatments were evaluated on the basis of hardnesses.
To investigate the effect of varying amounts of deformation 
on the stability of the quenched product, both alloys were deformed 
in increasing increments by rolling. These alloys were subjected 
to a systematic X-Ray, metallographic and hardness evaluation.
In addition to the above tests, experiments were performed 
to examine the change in resistivity with increasing deformation 
of a quenched Zr-3%Mo-l%Al alloy in order to determine, if possible 
the deformation parameter necessary to initiate a transformation 
which was observed for this alloy. Work was also carried out to 
determine the crystallographic parameters associated with the 
transformation.
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The preparation, procedures and techniques for the experi­
mental investigations of both alloys are discussed below.
A. SPECIMEN PREPARATION.
The as received material was cut into rectangular specimens 
suitable for rolling and heat treatment. Following cutting, the 
samples were wet ground and pickled using the following solution:
45 volume % ^ ^ 3
45 volume % HF
10 volume % ^ 0
The samples were then rinsed in water, washed in acetone and dried 
in a warm air blast.
B. HEAT TREATMENT.
The specimens were sealed in evacuated quartz tubing at a 
pressure of 10  ^torr. They were then solution treated in the beta 
region for 30 minutes at 975°C and were either furnace cooled , 
air cooled from 975°C in the silica, or quenched by quickly 
immersing and breaking the tubes in water. All subsequent ageing 
treatments were also carried out in evacuated silica tubes. After
heat treatment, the samples were repickled and rewashed.
C. DEFORMATION PROCEDURE.
Deformation was accomplished by rolling. Both at room tem­
perature and liquid nitrogen temperature, especially for higher 
reductions, several passes were required. At liquid nitrogen 
temperature the samples were recooled between each pass.
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D. METALLOGRAPHY.
For metallographic examination, specimens were cold mounted 
in polyester resin. They were final polished using alumina and 
swab etched with the following solution:
30 volume % Glycerine 
12 volume % HNO^
10 volume % HF 
48 volume % ^ 0
The samples were examined using both bright field and 
polarized light illumination.
E. HARDNESS MEASUREMENTS.
Macrohardness measurements were taken on each sample follow­
ing the various treatments. Hardnesses were taken in the Rockwell A 
range. Also, using a Leitz Wetzlar Tester and a load of 50 grams, 
microhardness measurements were taken on some specimens.
F. TENSILE-RESISTIVITY EXPERIMENT.
This experiment entailed examining the strain transformation 
and deformation by means of resistivity measurements while the 
specimen was undergoing deformation by tension.
A standard ASM 1/4" tensile specimen with 7/16" threads was 
machined from rods of both zirconium-base alloys. Each specimen 
was then heat treated and quenched to retain the 8 phase. Four 
shellacked 30 gauge copper wires, which represented the current 
and probe leads, were securely spot welded to each specimen as 
shown in figure 3. Using the leads, the specimen was then
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Figure 3.
i
l
i
i
e x t e n s o m e t e r
I
;
A quenched Zr-3%Mo-l%Al tensile specimen set for the 
resistivity in tension experiment.
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66 67connected into an isolating comparator circuit, ’ used here to 
measure the resistivity on straining. (Figure 4). Finally, a 
1/2" gauge length extensometer was attached to the sample which 
was fastened to the grips of a Universal Instron Tensile Tester.
The crosshead speed was 0.02"/min and a full scale load of 10,000 
lbs. was used. Thus, at any point during the test the stress, 
strain and resistivity could be calculated as shown in Appendix II.
G. X-RAY DIFFRACTION.
A standard Norelco vertical goniometer using a proportional 
detection head was employed to determine, by X-Ray techniques, the 
different phases present in bulk material. The bulk samples were 
mounted in a flat rotating specimen holder. Characteristic copper 
radiation was used.
There was no difficulty s e p a r a t in g  the a  phase from the 3 phase 
by X-Ray diffraction techniques, however, problems occurred in 
distinguishing the 3 phase from the to phase because many of the 
reflections overlapped. In this work, the notation 3(cn) will refer 
to these overlapping reflections. Hardness measurements and metal- 
lographic studies aided in distinguishing between the phases.
The habit plane of the strain induced transformation was 
determined by the use of single crystal Laue back reflection 
techniques. A rectangular sample of Zr-3%Mo-l%Al alloy was machined 
so that sides having a common edge were exactly 90° to each other.
The sample was solution treated in a vacuum at 975°C for 8 hours and 
quenched into water. This treatment resulted in a coarse grained 3 
structure. Examination of the sample after a light pass through
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the rolls showed that in some edge grains traces of transformation
product existed on the two perpendicular faces. Determination of
the orientation of such a grain allowed the further determination of
68the habit plane of the transformation. The experimental configura­
tion is shown in figure 5.
HU ELECTRON MICROGRAPHS.
Electron micrographs, of Zr-3%Mo and Zr-3%Mo-l%Al alloys that 
were quenched and rolled, were provided through the courtesy of the 
Atomic Energy of Canada Limited. Standard methods were used to 
identify phases and orientation relationships.
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Figure 5. The experimental arrangement for a Laue Back Reflection
study of the retained beta phase of a rectangular Zr-3%Mo-l%Al 
sample.
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IV RESULTS AND OBSERVATIONS
A. COOL FROM THE BETA REGION.
(3.) WATER QUENCHED.
(i) Zr-3 wt.% Mo
The Zr-3%Mo alloy, when quenched from 975°C into water was 
first examined metallographically. The structure of the sample, 
figure 6, appeared to be single phased, and exhibited no anisotropic 
optical effects when examined under polarized light.
X-Ray diffractometry revealed some unambiguous reflections 
from the to phase as well as the B phase. The "a" value of the 
phase was determined as 3.56 A°. The X-Ray diffraction reflections 
for the alloys in their various cooled conditions are tabulated in 
Appendix III.
The material had a microhardness value of VHN 441 and a 
Rockwell A hardness of 66.7.
(ii) Zr-3 wt.% Mo-1 wt.% A1
The quenched Zr-3%Mo-l%Al alloy was examined metallographically, 
figure 7; an examination which indicated the presence of a single 
phased, optically isotropic structure.
X-Ray diffraction analysis revealed only $(<*>) reflections.
The lattice parameter of the retained 6 phase was determined as 
3.54 A0.
This alloy in the quenched condition had a Rockwell A hardness 
of 58.5 and a microhardness value of VHN 355.
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FIGURE 6, Zr-3%Mo, water quenched, polarized light, X 160.
FIGURE 7. Zr-3%Mo-l%Al, water quenched, polarized light, X 200.
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(2) AIR COOLED.
(i) Zr-3 wt.% Mo
The Zr-3%Mo alloy, when air cooled from 975°C was found to be 
brittle when rolled at room temperature even with reductions of 
thickness of less than 1%. The average microhardness for the 
undeformed material was found to be VHN 566. The Rockwell A 
hardness of the material was 70.3
Metallographic examination of the air cooled sample, figure 
8, showed the grain structure to be large and equiaxed. In addition, 
the presence of a grain boundary segregate was also noted. This was 
confirmed by microprobe analysis which indicated the presence of 
approximately three times the amount of Mo at the grain boundary, 
compared to the grain centre.
Omega (to) reflections and 6 (to) reflections were observed in 
the X-Ray diffraction study.
(ii) Zr-3 wt.% Mo-1 wt.% A1
This Zr-3%Mo-l%Al alloy behaved in a manner similar to that 
of Zr-3%Mo. It had a microhardness value of VHN 575 and a Rockwell 
A hardness value of 65.0.
The alloy was found to be brittle when deformed slightly, and 
it showed upon metallographic observation, figure 9, evidence of 
grain boundary segregation. This observation was confirmed by 
microprobe analysis which showed a high concentration of Mo in the 
grain boundary region.
X-Ray diffractometry of the alloy indicated the presence of 
both to and g phases.
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FIGURE 8. Zr-3%Mo, air cooled, polarized light, X 160.
FIGURE 9. Zr-3%Mo-l%Al, air cooled, polarized light, X 160.
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(3) FURNACE COOLED.
(i) Zr-3 wt.% Mo
The Zr-3%Mo alloy was furnace cooled from 975°C in a vacuum 
sealed silica tube at a rate of about 2°C/min. The Rockwell A 
hardness of the material was 52.2.
Bright field metallographic examination (figure 10) revealed 
the formation of a light-coloured basket-weave structure similar to 
a Widmanstatten structure. A dark background and pebble-like areas 
were also observed indicating the possibility of the presence of 
three phases.
X-Ray diffractometry of the sample showed the presence of the 
3 phase (bcc), the stable a phase (hep) and the intermetallic ZrMo^ 
phase (fee). The a phase with an "a" value of 3.20 A° and "c" value 
of 5.10 A° was predominant.
(ii) Zr-3 wt.% Mo-1 wt.% A1
This Zr-3%Mo-l%Al alloy exhibited similar properties to the 
Zr-3%Mo alloy; the structural morphology and presence of the three 
phases were observed by metallographic and X-Ray diffraction 
techniques, figure 11.
The "a" and "c" values of the a  phase were approximately the 
same as those in the Zr-3%Mo alloy. The Rockwell A hardness of the 
alloy was found to be 63.7, considerably higher than that of the 
Zr-3%Mo alloy in the same condition.
B. ISOTHERMAL TRANSFORMATIONS.
Experiments were carried out to determine the effect on
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FIGURE 10. Zr-3%Mo, furnace cooled, ordinary light, X 1000.
FIGURE 11. Zr-3%Mo-l%Al, furnace cooled, ordinary light, X 1000.
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hardness, of room temperature deformation of the retained 6 phase 
in Zr-3%Mo and Zr-3%Mo-l%Al alloys prior to ageing at temperatures 
up to 600°C. In order to establish a basis of comparison, prelimi­
nary work was performed to evaluate the hardness of the alloys in 
the quenched and aged conditions.
(1) Zr-3 wt.% Mo - Quenched and Aged
X-Ray diffraction studies of the Zr-3%Mo alloy in the quenched 
state revealed the presence of 6(o>) reflections. Included were two 
peaks which could only be accounted for by a). Ageing at 400°C for 
8 hours produced a third a> peak and a broadening of the 8(a)) 
reflections probably caused by precipitation of very fine to from 
the gphase. Further ageing to 24 hours increased the amount of 
the brittle to phase. The X-Ray diffraction reflections of the alloys 
in the quenched and aged condition are shown in Appendix IV.
The Rockwell A hardness of the alloy increased with continued 
ageing at 400°C from 66.7 in the quenched state to 71.8 after 8 hours 
and 72.6 after 24 hours. There appeared to be no significant change 
in the morphology of the alloy with the formation of the to phase, 
figure 12.
Ageing the quenched Zr-3%Mo alloy at 500°C for 8 hours produced 
alpha phase reflections. Also appearing in the X-Ray pattern were 
6(a)) reflections as well as some a) reflections.
The Rockwell A hardness of the alloy decreased from 66.7 in 
the quenched state to 63.8 in the above condition. There was little 
in the metallography of the specimen aged at 500°C to indicate the 
crystallographic changes that took place, figure 13.
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FIGURE 12. Zr-3%Mo, water quenched and aged at 400°C for 8 hours, 
polarized light, X 80.
FIGURE 13. Zr~3%Mo, water quenched and aged at 500°C for 8 hours, 
polarized light, X 160.
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After ageing 8 hours at 600°C, the a phase was predominant 
according to X-ray diffraction. Also, appearing in the pattern 
were small 8(10) reflections which shifted slightly to higher 
angles from the quenched condition. Ageing to 24 hours at the 
same temperature produced two reflections but the a phase
still appeared to be predominant.
The hardness after 8 hours at 600°C was Rockwell A 62.5; 
it decreased to 58.0 with the formation of the intermetallic. The 
phases which precipitated during ageing at 600°C appeared to 
precipitate homogeneously, figure 14.
(2) Zr-3 wt.% Mo-1 wt.% A1 - Quenched and Aged
On ageing the retained 8 phase of the quenched Zr-3%Mo-l%Al 
alloy at 175°C up to 40 hours, the formation of u) phase reflections 
and a slight broadening of 8(m) reflections were observed by X-Ray 
diffraction, probably caused by the dissociation of the 8 phase 
into a 8 + fine to mixture. After longer ageing times, reflections 
due to the a phase were seen. After 100 hours, five a reflections 
could be observed along with 8(w) and w reflections.
No change in structure could be seen after ageing 30 hours 
at 175°C. However, with the formation of the a phase on further 
ageing a platelet-like structure was observed. This structure was 
anisotropic under polarized light and appeared to lie along certain 
crystallographic planes, usually originating near grain boundaries, 
figure 15.
After ageing 8 hours at 400°C, reflections from the w phase 
were noted along with a broadening of the 8(u>) peaks. On ageing to
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
36
FIGURE 14. Zr-3%Mo, water quenched and aged at 600°C for 24 hours, 
polarized light, X 160.
FIGURE 15. Zr-3%Mo-l%Al, water quenched and aged at 175°C for 100 
hours, polarized light, X 200.
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24 hours the formation of some a phase was noted by X-Ray diffraction.
The morphology of the a phase appeared to be similar to that produced
by ageing at 175°C.
The formation of the g+co mixture increased the hardness of
the specimens. In the quenched condition the hardness was Rockwell
A 58.5; after 8 hours at 400°C it increased to R. 69.5, and afterA ’
24 hours at this temperature, it was 69.0.
After ageing at 500°C for 8 hours, X-Ray diffraction indicated
the presence of a and g(u>) phases. The 6(a)) reflections shifted to
slightly higher angles compared to their positions after the quench.
The hardness was consistent with the above results at R. 70.1.A
As opposed to the platelet formation on ageing at lower temperatures, 
the a phase appeared to form as a dispersed precipitate, figure 16.
Similar results were obtained on ageing the Zr-3%Mo-l%Al 
alloy at 600°C for 8 hours in that the structure primarily consisted 
of a with a limited amount of 6 present. After ageing 24 hours at 
600°C, the ZrMo2 intermetallic phase was found to form, figure 17.
The Rockwell A hardness of the alloy aged 8 hours at 600°C 
was 70.0; the hardness of the alloy aged for 24 hours at the same 
temperature, 68.0.
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FIGURE 16. Zr-3%Mo-l%Al, water quenched and aged at 500°C for 8 hours, 
polarized light, X 160.
FIGURE 17. Zr-3%Mo-l%Al, water quenched and aged at 600°C for 24 
hours, polarized light, X 200.
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C. ROOM TEMPERATURE DEFORMATION OF QUENCHED ALLOYS.
Samples of Zr-3%Mo and Zr-3%Mo-l%Al alloys were quenched and 
deformed incrementally by rolling. Following deformation, the 
crystallography of the specimens was examined by X-Ray diffraction 
techniques; the mechanical properties were evaluated by hardness 
measurements and the morphological changes determined by metal­
lography .
(1) X-RAY ANALYSIS
After quenching, the Zr-3%Mo alloy was rolled in increments 
from 1% to about 30% reduction in thickness. The effect of roll­
ing was such as to shift the 6(a)) peaks to higher angles and 
broaden them. The results are summarized in Table 1.
20 angle on quenching 20 angle after 30% deformation
35.7 6 (to) 35.8 6 (to)
51.2 6(<o) 51.5 6(oi)
59.0 0) - -
64.0 6(a)) 64.4 6(a))
71.1 0) 71.8 0)
75.6 6(a)) 76.1 6(a))
TABLE 1 - Change in 20 angle on deformation
of Zr-3%Mo alloy.
In a similar manner, X-Ray data on Zr-3%Mo-l%Al, quenched and 
rolled incrementally, showed that on rolling the quenched 6 phase
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peaks were shifted to higher angles. Concurrent with the shift 
of the peaks was a decrease in their intensity and the appearances 
of new peaks due to another phase. As deformation proceeded, the 
new peaks increased in intensity and shifted slightly as the g 
phase disappeared almost completely. The "a" value of the g phase 
decreased from 3.54 A0 in the quenched condition to 3.50 A0 before 
it disappeared. The new peaks, at low deformation, lay close to 
the positions of the a phase. The new phase was indexed as having 
a hep structure with "a" equal to 3.18 A° and "c" equal to 5.03 A°; 
at 30% reduction in specimen thickness, the "a" and "c" values 
changed to 3.17 A° and 5.06 A° respectively. This new phase 
appeared to be a slightly distorted a and was designated as a,.
The change in the diffraction angles of Zr-3%Mo-l%Al as a 
consequence of the deformation process is shown in Table’ 2; the 
diffractometer traces are shown as figure 18.
20 angle on 
quench
20 angle after 
10% deformation
20 angle after 
18% deformation
20 angle after 
30% deformation
35.8 g(aj) 36.0 g(w) 36.0 B(u>)
51.6 g (0)1), 52.3 g(w) - -
64.4 g(w) 64.6 g(w) - -
75.6 g(m) 75.9 g(w) - -
32.3 a, 32.4 a , 32.5 a,
36.8 a, 36.9 a , 37.0 a,
56.5 a, 57.0 a , 57.3 a,
68.2 a, 68.3 a, 68.3 a,
35.7 a , 35.4 a,
48.6 a , -
64.5 a , 64.6 a,
TABLE 2 - Change in 2© angle on deformation of
Zr-3%Mo-l%Al alloy.
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FIGURE 18. X-ray diffraction patterns showing the formation of the 
strain induced transformation in the Zr-3%Mo-l%Al alloy
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
From figure 18, it could be seen that the intensity of the 
(110)D reflection at 35.8° decreased with deformation concurrent
p
with the formation of firstly the (1120) peak at 36.7° and thena ,
the (0002) peak at 35.6°. The intensity of the (110) peak and 
a , p
the (0002) peak were equal at about 18% reduction in thickness; a,
thereafter, the major 8 phase peak diminished to zero intensity. 
Throughout the experiment no evidence of w was observed.
(2) HARDNESS MEASUREMENTS
The hardness of the quenched Zr-3%Mo alloy increased slowly 
with deformation from Rockwell A 69.5 at 0% deformation to 71.6 
at 33% deformation.
The Rockwell A hardness of the quenched Zr-3%Mo-l%Al alloy 
increased with deformation from 59.5 at 0% deformation to 64.1 at 
7.6% deformation. With continued reductions in thickness the 
hardness rose slowly to R^ 66.7 at 31.5% deformation. The hardness 
vs. % deformation curves for both alloys are shown in figure 19.
(3) MORPHOLOGY
When the quenched Zr-3%Mo alloy was deformed several changes 
in morphology took place. At 4.5% reduction in thickness many 
deformation bands and twins could be seen (figure 20B). The 
density of the twins and bands increased with deformation (figure 
20C). At 20% reduction in thickness, the sample began to crack. 
After 30% deformation, the surface was almost completely covered 
with deformation bands and twins (figure 20D)*
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FIGURE 19. Hardness vs. % deformation curves in the water quenched 
Zr-3%Mo and Zr-3%Mo-l%Al alloys.
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FIGURE 20. Zr-3%Mo, water quenched and deformed at room temperature, 
(a) rolled 0% (X 160), (b) rolled 4.5% (X 200), (c) 
rolled 11% (X 200), (d) rolled 30% (X 200), polarized 
light.
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Deformation of the Zr-3%Mo-l%Al alloy produced a strain 
induced transformation. This transformation product could be 
seen on reductions of thickness of only 1%, figure 21B. The 
light coloured platelets were anisotropic under polarized light, 
an effect characteristic of a hexagonal structure. The new phase 
appeared to nucleate near or at grain, twin or deformation band 
boundaries (figures 21B, C, D). It was also observed that the 
platelets tended to propogate in definite crystallographic 
directions. With increased deformation to 10.5%, the platelets 
began to overlap and it became difficult to distinguish them 
individually, figure 21C.
The amount of transformed product continued to increase with 
deformation, and at 30% reduction in thickness, the new phase 
appeared to cover the entire surface of the sample, figure 21F.
Microhardness values were taken on the Zr-3%Mo-l%Al alloy 
that was deformed 2.5%. Three different grains were analysed 
and the results are summarized below as Table 3. The difference 
in hardness values was indicative of the change in mechanical 
properties with the formation of the new phase.
Grain Centre Platelet Regions
329 353 to 362
Microhardness VHN 321 361 to 371
329 329 to 386
TABLE 3 - Microhardness values of Zr-3%Mo-l%Al
alloy that was deformed 2.5%.
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FIGURE 21. Zr-3%Mo-l%Al, water quenched and deformed at room 
temperature, (a) rolled 0% (X 200), (b) rolled 1% 
(X 200), (c) rolled 2.5% (X 200), (d) rolled 2.5% 
(X 500), (e) rolled 10.5% (X 200), (f) rolled 30% 
(X 160), polarized light.
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(4) TENSILE-RESISTIVITY EXPERIMENT.
The measurement of resistivity of a material is a technique 
whereby changes in structure of a test sample can be indicated by 
corresponding changes in electrical properties.
The purpose of the test described below was to determine 
at what strain,at room temperature, the 2r-3%Mo-l%Al alloy transformed 
from the 3 phase into the otrphase, the transformation being indi­
cated by a discontinuity in the strain-resistiVity curve.
In order to best control strain, deformation was carried out 
on an Instron Testile Tester at a rate of 0.02"/min. and the measure­
ment of strain by a 0.5" strain gauge mounted on the specimen. The 
electrical contacts from the isolating comparator circuit were spot 
welded just inside the gauge length so as to insure that the 
electrical measurements represented changes that occurred only 
within the strained volume.
The results of the test are summarized as figure 23 and the 
calculations are described in Appendix V. With reference to figure 
23, it is apparent that with increasing strain the resistance of 
the sample decreased. In addition, the curve is smooth and no 
discontinuities are indicated.
X-Ray analysis of the specimen following deformation 
confirmed the transformation of 3 to a, within the gauge length.
From the observation and the decrease in resistivity with strain, 
(normally, this parameter increases with strain, unless a phase 
transformation takes place), it must be concluded that, at room 
temperature, 3 transformed to a, at extremely low strains. The 
observation that the resistivity continued to decrease with
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Stress-Strain curve for the water quenched Zr-3%Mo-l%Al 
alloy.
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Resistivity vs. % elongation curve for the water quenched 
Zr-3%Mo-l%Al alloy.
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increasing strain indicated that the amount of transformed product 
increased with increasing strain. The manner in which this 
occurred, either in the form of a Luders band or a homogeneous 
propogation has not been determined.
As a by-product of the above experiment, it was possible to 
determine the tensile properties of the quenched Zr-3%Mo and 
Zr-3%Mo-l%Al alloys. The quenched Zr-3%Mo alloy was found to be 
brittle, fracturing at an elongation of less than 1% at a stress 
of 89,200 psi. The quenched Zr-3%Mo-l%Al alloy was found to be 
considerably more ductile, failing at 30% elongation at a stress 
of 116,500 psi. The yield stress was noted as 44,000 psi. The 
stress-strain curve for the Zr-3%Mo-l%Al alloy is presented as 
Figure 22.
(5) HABIT PLANE INVESTIGATION
Using the Laue Back Reflection technique for single 
crystals, a single crystal pattern was taken on a large 6 grain 
at the edge of a quenched Zr-3%Mo-l%Al sample. The pattern, 
projected onto a Wulff net is shown as Figure 24.
The specimen was then lightly rolled so as to induce a 
small amount of transformation product, and the directions of 
the traces of the transformation product on the perpendicular 
surface of the grain were measured. Figure 25 illustrates, in 
a graphical manner, the directions cf the traces.
68Using the "two surface analysis" of Barrett the traces
were found to define (111)_ and (111) planes. The position of
p p
the poles of the defined planes are indicated by squares in 
Figure 24.
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FIGURE 24. Projected Laue Back Reflection pattern of a water quenched 
Zr-3%Mo-l%Al alloy.
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FIGURE 25. Directions of the strain transformation in the water 
quenched Zr-3%Mo-l%Al alloy.
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(6) ELECTRON MICROGRAPHS
Transmission electron microscopy was carried out on thin 
foil specimens of Zr-3%Mo and Zr-3%Mo-l%Al alloys, quenched from 
975°C, as well as Zr-3%Mo-l%Al specimens quenched and rolled 30% 
at room temperature. Selected area diffraction patterns of the 
quenched Zr-3%Mo alloy indicated the presence of more than one 
phase. However, due to the complexity of the pattern, it was not 
possible to satisfactorily index it.
S.A.D. patterns of the quenched Zr-3%Mo-l%Al alloy indicated 
the presence of a g phase. However, some extra reflections were 
also observed. Figure 26 shows an area of a foil of Zr-3%Mo-l%Al 
in which can be observed a second phase platelet. The S.A.D. 
pattern of the g phase and platelet were indexed and showed that 
( 1 0 0 ) b c o | | U 0 l 2 ) h c p .
Electron diffraction studies of foils from a quenched 
Zr-3%Mo-l%Al that was subsequently deformed 30% were carried out 
(Figure 27). Many long platelets could be observed and examina­
tion of the S.A.D. pattern showed that (111)^^ | | (1120)^^.
The indexed patterns are shown as Appendix VI.
(7) DEFORMATION AT VARIOUS TEMPERATURES
In order to obtain a fuller picture of the transformation 
behaviour as a function of temperature, the quenched Zr-3%Mo-l%Al 
alloy was deformed about 6.8% at room temperature, liquid nitrogen 
temperature and 200°C.
X-Ray diffraction results indicated the amount of transformed 
product varied directly with a decrease in temperature, being a
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FIGURE 26. Electron micrograph of a water quenched Zr-3%Mo-l%Al
alloy containing a possible strain transformed platelet 
(X 39,000).
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FIGURE 27. Electron micrograph of a water quenched and rolled 
Zr-3%Mo-l%Al alloy. (X 23,000).
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maximum at liquid nitrogen and a minimum at 200°C. Table 4 summarises 
the results
Medium % Deformation Phases Present
Room temperature 6.9% at + 8
Liquid nitrogen 6.8% a, + 6
200°C 6.6 % mostly 8
TABLE 4 - Phases present on rolling a Zr-3%Mo-l%Al
alloy at various temperatures.
Figures 28 and 29 are photomicrographs of specimens strained 
at 200°C and liquid nitrogen temperature respectively. The figures 
show that at liquid nitrogen temperature, considerable transformation 
product and deformation bands are produced; at 200°C, the amount of 
transformed product is considerably less.
D • THERMOMECHANICAL TREATMENT.
By definition, thermomechanical processing involves the 
deformation of a high temperature phase either prior to or during 
its transformation. Therefore, deformation of the retained phase 
of Zr-3%Mo and Zr-3%Mo-l%Al alloys at room temperature can be 
considered a thermomechanical treatment. An investigation of the 
effects of such a treatment on the high temperature phase trans­
formations and mechanical properties of Zr-3%Mo and Zr-3%Mo-l%Al 
was undertaken. The examination involved quenching from the 8
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FIGURE 28. Zr-3%Mo-l%Al, water quenched and rolled 6.6% at 200°C 
polarized light, X 200.
FIGURE 29. Zr-3%Mo-l%Al, water quenched and rolled 6.8% at liquid 
nitrogen temperature, polarized light, X 200.
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region, deforming 30% at room temperature and ageing at 400°C, 
500°C and 600°C for 8 hours.
(1) Zr-3%Mo - QUENCHED, DEFORMED 30% AND AGED.
30% deformation of a quenched Zr-3%Mo alloy produced only 
the formation of twins and deformation bands; no transformation 
was observed. On ageing the deformed primarily 8 structure at 
400°C for 8 hours, a general broadening of the 8(to) reflections 
were observed as well as the formation of another to reflection 
at 46.4°. X-Ray diffraction reflections for the quenched, 
deformed and aged alloys are tabulated in Appendix VII.
The hardness increased with the formation of the to from 
R^ 70.6 in the quenched and deformed state to 71.5 after ageing. 
Figure 30 showed that there was no observable change in the 
morphology of the sample.
After ageing at 500°C for 8 hours, to reflections were 
observed along with 8(to) and to reflections. The hardness dropped 
to R^ 61.8.
Following the ageing of the quenched and deformed Zr-3%Mo 
alloy at 600°C for 8 hours, all traces of to reflections 
disappeared and only a few 8(to) peaks remained, a reflections 
predominated. The hardness remained about R^ 61.8. This aged 
structure, Figure 31, looked quite similar to the rolled material.
The variation in hardness value in the quenched and aged, 
and quenched, rolled and aged Zr-3%Mo alloys are summarized in 
Figure 32.
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FIGURE 30. Zr-3%Mo, water quenched, rolled 30% and aged at 400°C 
for 8 hours, polarized light, X 160.
FIGURE 31. Zr-3%Mo, water quenched, rolled 30% and aged at 600°C 
for 8 hours, polarized light, X 160.
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Figure 32. Hardness vs. ageing temperature curves for Zr-3%Mo.
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(2) Zr-3%Mo-l%Al - QUENCHED, DEFORMED 30% AND AGED.
On rolling the quenched Zr-3%Mo-l%Al alloy at room tem­
perature, a strain induced transformation took place from the 
retained g phase to an a, phase. At 30% deformation the trans­
formation appeared to be complete.
Ageing the transformed material between 400°C and 600°C for 
8 hours resulted in a general narrowing and slight shifting of 
peaks towards the stable a positions, as well as the formation of 
other a peaks. There were no indications of g or to reflections 
on ageing.
The hardness of the 30% deformed material was Rockwell A 
67.5. On ageing at 400°C for 8 hours, an initial increase was 
observed to 73.0. This was followed by decreases to R^ 72.5 
and 70.2 after 8 hours at 500°C and 600°C respectively.
This variation in hardnesses of this alloy in the quenched 
and aged, and quenched, rolled and aged are summarized in figure 33.
There did not appear to be any change in the morphology of 
the structure at low magnifications after ageing up to 600°C,
Figure 34 and 35. However, at high magnifications, under bright 
light conditions, a, platelets were seen to disappear under these 
conditions, Figure 36.
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Figure 33. Hardness vs. ageing temperature curves for Zr-3%Mo-lZAl.
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FIGURE 34. Zr-3%Mo-l%Al, water quenchedxrolled 30% and aged at 
400°C for 8 hours, polarized light, X 160.
FIGURE 35. Zr-3%Mo-l%Al, water quenched, rolled 30% and aged at 
500°C for 8 hours, polarized light, X 160.
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FIGURE 36,.Zr-3$Mo-l$Al» water quenched and rolled 30%, 
(a) no age, (b) aged at 600 C for 8 hours, 
ordinary light, X800.
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V DISCUSSION
A. EFFECT OF QUENCHING RATE FROM THE BETA REGION
(1) WATER QUENCHING
The water quenched Zr-3%Mo and Zr-3%Mo-l%Al alloys while appearing 
to be similar metallographically, figures 6 and 7, differed greatly 
in hardnesses. The high hardness of the Zr-3%Mo alloy can be associated 
with the partial decomposition of the retained beta phase to the 
brittle omega phase, while the lower hardness of the Zr-3%Mo-l%Al alloy 
is primarily due to the complete retention of the beta phase.
The presence of the aluminum in the Zr-3%Mo alloy appears to 
increase the stability of the beta phase with respect to its decompo­
sition to omega on quenching, an observation which has been noted
9 24in some titanium systems. ’ No explanations were given to determine 
the above effect of aluminum on the suppression of the omega phase 
on quenching.
(2) AIR COOLING
Air cooling both alloys resulted in a material which was hard 
and brittle. In addition, segregation of molybdenum to the grain 
boundaries was observed and this contributed to the brittle
behaviour of the alloys. From the X-Ray diffraction and hardness data, 
it is believed that the high temperature beta phase decomposed into a 
beta + omega mixture.
It was not possible to determine whether the partial transfor- 
matio of beta to omega on air cooling occurred by a diffusion controlled 
mechanism or martensitic process. Earlier investigators differed in
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their opinions on this transformation mechanism; some postulated a 
diffusion controlled transformation on the basis of the formation of 
isothermal omega, while others postulated a martensitic mechanism on
the basis of non-compositional differences between the beta and omega
. 25,37,38,40phases on quenching. ’
FURNACE COOLING
Furnace cooling the alloys resulted in the formation of alpha,
ZrMo2 and beta phases. The presence of omega instead of beta was
considered unlikely since the cooling rate was extremely slow. In addition,
the X-Ray 8 (toj peaks occurred at higher 20 angles on furnace cooling
compared to those produced following the quench. The increase in the
20 angles can be explained on the basis of a decrease in the lattice
spacings caused by an increase in Mo content in the beta phase. Similar
results have been noted in other systems in which Mo diffused into the
32 30 26beta phase with the formation of alpha on slow cooling. ’ 5
The Widmanstatten structure observed in figures 10 and 11 is
probably a mixture of alpha in a beta matrix. The pebble-like areas are
most likely ZrMo2 particles. These structures are similar to those
noted in Zr-Cu-Fe and Zr-Nb alloys heat treated in the same way and
32 44 69identified in a similar manner. * ’
The hardness of the furnace cooled Zr-3%Mo alloy was much higher
than that of the Zr-3%Mo-l%Al alloy. This observation is consistent
with the known strengthening effect of aluminum in the alpha phase of
9 29 71zirconium and titanium alloys. ’ ’
The qualitative amount of phases present as a consequence of
various cooling rates as determined by X-Ray diffractometry, hardness
measurements and metallography is shown in Table 5.
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CONDITION
Zr-3%Mo Zr-3%Mo-l%Al
BETA OMEGA ALPHA ZrMo„ BETA OMEGA ALPHA ZrMo„
Water quenched 
Air cooled 
Furnace cooled
z
L S
M M - - 
S - L S
c.
L - 
M M  - 
S - L S
TABLE 5. Estimated amount of phases present on various cooling 
rates ( L = large, M = medium and S = small )
From the results it is apparent that 3% Mo in zirconium is not
capable of completely retaining the beta phase on quenching. As a result,
some omega phase is produced. However, with the addition of 1%A1, the
formation of the omega phase is suppressed and the beta phase is retained.
At lower cooling rates, air cooling, a transformation S-H3+0)
occurs in both alloys.
On extremely slow cooling, the equilibrium reaction 3->-|3+or*a+ZrMo2
takes place. This transformation, being a diffusion controlled process,
would take place in the higher temperature range.
In summary, as the cooling rate is decreased the sequence of phase
formation is g->0)->a. These results are in agreement with the work
30
of Stewart et al in their studies on Zr-Nb alloys.
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B. ISOTHERMAL TRANSFORMATIONS
(1) Zr-3wt.%Mo 
X-Ray diff ractometry revealed a general broadening of 3 (to) 
reflections and the formation of a new co reflection on ageing the 
quenched Zr-3%Mo alloy at 400°C. From these results it appeared that beta 
was decomposing to omega. Similar observations have been noted by 
Robinson et al in studying Zr-5.5%Mo alloys.^ As a result of the omega 
formation, the hardness of the alloy increased as expected.^
In this work the mechanism of the + w transformation was not
37 40 41 44studied, however, it has been examined in detail by other investigators,’ ’ ’ 
who concluded in similar systems that the omega formation was a result of 
a diffusion controlled process.
X-Ray analysis of the alloy aged at 500°C showed that 3 > U) and a
reflections were present indicating the presence of all three phases.
The hardness of the alloy decreased with the formation of the alpha
phase at 500°C, a result which has been noted earlier in the Zr-Mo
- 7’8 system.
Ageing at 600°C produced results comparable to the furnace cooled
Zr-3%Mo alloy. That is, the retained beta phase transformed to the
stable alpha phase and ZrMo2 phase, concurrent with the enrichment of
the remaining beta phase with molybdenum. The hardness remained low
at this temperature because of the presence of the alpha phase which
precipitated as a dispersion in beta, figure 14. This morphology has been
33 34observed in other titanium and zirconium systems treated similarly. ’
Table 6 shows the qualitative amount of phases present on ageing 
the Zr-3%Mo alloy as estimated by X-Ray diffraction and hardness tests.
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Zr-3%Mo
CONDITON BETA OMEGA ALPHA ZrMo2
Quenched, aged 
for 8 hours
at 400°C
M M - -
Quenched, aged at 
for 24 hours
400°C
M M - -
Quenched, aged at 
for 8 hours
500°C
S S M -
Quenched, aged 
for 8 hours
at 600°C
S - L -
Quenched, aged 
for 24 hours
at 600°C
S - L S
TABLE 6. Estimated amount of phases present on ageing the 
quenched Zr-3%Mo alloy ( L= large, M= medium and 
S= small ).
The results may best be explained on the basis of kinetics. A rough
double nose TTT diagram can be contjructed from the observed transformations
and corresponding hardness results as shown in figure 37. On this basis,
ageing at 400°c produces a 8-*8+ w reaction which would form by a slow
7 8 38 40rejection of the beta stabilizing element. ’ ’ ’ As the ageing
temperature is increased to 500°C the stable alpha phase also forms 
along with the beta and omega phases. At 600°C, the stable alpha phase 
is produced as well as the intermetallic Zrlfo^  phase as a result of the 
decomposition of the retained beta phase.
(2) Zr-3wt.%Mo—lwt.%A1
Ageing the Zr-3%Mo-l%Al alloy in the range of 175°C to 400°C, the 
omega phase was formed from the retained beta phase as evidenced by a 
broadening of 6 (u) reflections and the formation of u reflections. On
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Temperature
°C
Figure 37.
Temperature
°C
Figure 38.
8^8+a-^ a+ZrMo
600
500
400
300
200
Time (hrs)0.1 10 100
Hypothetical TTT diagram of a Zr-3/l-Mo alloy derived from X-Ray 
data,hardness measurements and metallographic studies.
600
500
400
300
200
6
0.1 Time (hrs) 10 100
Hypothetical TTT diagram of a Zr—y/Mo—l^Al alloy derived from 
X-Ray data, hardness measurements and metallograrhic studies.
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continued ageing in this range fine platelets which were anisotropic 
under polarized light, and therfore not cubic,could be seen. X-Ray 
diffractometry revealed the formation of an alpha phase with lattice 
spacings very close to those of the stable alpha and strain induced 
platelets.
The results were insufficient to state whether the alpha platelets 
produced on low temperature ageing were formed by a diffusion controlled 
process or martensitic mechanism. However, identical observations were 
noted in somewhat similar titanium and zirconium alloys^>40,42,45 
and were attributed to the direct conversion of the alpha phase from 
the omega phase on isothermal holding.lt was proven in these other 
works that the omega particles rejected beta stabilizing elements, and 
when a critical composition was reached in the omega phase, alpha formed 
by a direct conversion.In the Zr-3%Mo-l%Al alloy, such a process would 
he probable since rejection of molybdenum from the omega phase would 
leave the omega particles rich in aluminum,thus making them amenable 
to a diffusionless transformation to alpha.
At higher ageing temperatures (500°C and 600°C ), the retained 
beta phase appeared to dissociate first into a beta + alpha mixture 
then to the equilibrium alpha + ZrMo2 phases.
X-Ray diffractometry indicated, by an increase in the 29 angles 
of the beta phase, an enrichment of the beta phase with alloying elements 
as the alpha phase was being formed. Metallographically, figures 16 and 17, 
the alpha phase was noted as a dispersion-like precipitate quite different 
than the low temperature alpha and similar to the alpha phase found 
in the Zr-3%Mo alloy under the same conditions. The hardness of the 
alpha phase was quite high, consistent with the results of the furnace
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cooled alloy.
As determined by X-Ray diffraction data and hardness tests, a 
listing containing the estimated amount of phases present on ageing the 
Zr-3%Mo-l%Al alloy is tabulated in Table 7.
N 1 S2 0 1-1ZA1
CONDITION BETA OMEGA ALPHA ZrMo2
Quenched, aged 
for 8 hours
at 400°C
M M - -
Quenched, aged 
for 24 hours
at 400°C
S M S -
Quenched, aged 
for 8 hours
at 500°C
S - L -
Quenched, aged 
for 8 hours
at 600°C
S - L -
Quenched, aged 
for 24 hours
at 600°C
S - L S
TABLE 7. Estimated amount of phases present on ageing the
quenched Zr-3%Mo-l%Al alloy ( L = large, M = medium 
and S = small )
As in the Zr-3%Mo alloy, a double nose TTT diagram can be constructed 
to account for the transformations in the Zr-3%Mo-l%Al alloy. Such a 
sketch is shown in figure 38,and it can be explained in a manner similar 
to that discussed in the Zr-3%Mo alloy. In addition, it can be stated 
for the Zr-3%Mo-l%Al alloy, that when an alpha phase containing aluminum 
is formed with an appreciable amount of molybdenum present in its lattice, 
the transformation was diffusionless and plate-like, This is shown in 
figure 38 as a platelet alpha formed from the omega phase on low1 tempera­
ture ageing.
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
72
C. ROOM TEMPERATURE DEFORMATION
(1) Zr-3%Mo
Deformation of the quenched Zr-3%Mo alloy at room temperature did 
not induce a transformation. X-Ray diffractometry only revealed a slight 
broadening and shifting of £3 (w) ref lections characteristic of a small 
decrease in the interatomic constant "a',' produced by deformation 
( Table 1 ). Metallographic studies indicated only the presence of 
twins and deformation bands as shown in figure 20. As deformation increased 
so did the hardness of the retained beta phase most likely due to work hardening. I
I
(2) STRAIN INDUCED TRANSFORMATION IN Zr-3%Mo-l%Al :
I
Room temperature and liquid nitrogen temperature deformation 1
produced a transformation in the quenched Zr-3%Mo-l%Al alloy from the 
retained beta phase to a slightly distorted alpha phase, designated 
as a, ( Table 2 and figure 18 ).
Considering the room temperature deformation study, the "a" and 
"c" values for the a, phase were calculated as 5.03 A° and 3.18 A° 
respectively compared to 5.10 A0 and 3.20 A° for the stable alpha phase.
X-Ray diffractometry also revealed that at about 25% reduction in 
thickness, the transformation appeared to be almost complete. Continued 
deformation caused shifts in the a, reflections, a decrease in "a" and 
increase in "c", characteristic of deformation of a hep lattice.
The hardness vs. % deformation curve of Zr-3%Mo-l%Al, figure 19,
showed that the hardness increased very rapidly to about 8% reduction 
in thickness. Thereafter, the hardness rose gradually on continued 
deformation. By comparing both curves in figure 19, it can be seen that 
the major difference is the initial rapid increase in hardness of the 
Zr-3%Mo-l%Al alloy. This large increase can be explained by the formation 
of the strain induced a( phase, the later gradual increase in hardness
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being due primarily to work hardening of this phase.
The stress-strain curve obtained on tensile deformation of Zr-3%Mo-l%Al,
figure 22, is identical to the curves obtained in titanium alloys that
24 64undergo strain induced transformations. ’ According to these references 
it was found that the strain transformation began shortly after yielding 
and was essentially complete just prior to the maximum stress; thereafter, 
deformation was accomplished primarily by slip and work hardening.
Because of the similarities between their curves and the curve obtained 
for the Zr-3%Mo-l%Al as well as the hardness results mentioned in the 
preceding paragraph, it is thought that the above phenomena took place. It 
can also be seen from figure 22 that the quenched Zr-3%Mol%Al alloy 
has a good yield and ultimate stregth as well as a high uniform elongation.
It was not possible to determine the exact critical stress for the
initiation of the strain induced transformation in the Zr-3%Mo-l%Al alloy
by resistivity techniques because on taking the first reading at 2%
elongation, the transformation had already begun. This was shown by a
decrease in resistivity compared to the undeformed quenched sample. This
decrease must have been due to the formation of another phase on deformation
since work hardening alone would have increased the resistivity.^
However, it is evident from figure 23 that the transformation initiated near
or below the yield point which occurred slightly above 1% elongation.In
addition, it can be stated that most transformation took place in the early
stages of deformation since the change in resistivity was much larger in
this region. Also, since no discontinuities were observed in the curve, it
can be concluded that the transformation of 3 to ot ( was produced without
the formation of any intermediate phases, X-Ray diffractometry verified this 
fact.
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Morphology investigations of the various structures of
Zr-3%Mo-l%Al, figure 21, showed the presence of small platelets on
deformation, which were quite similar to the platelets produced on
low temperature ageing of Zr-3%Mo-l%Al alloys/ These platelets
were anisotropic under polarized light and began to form at very
low strains. They appeared to nucleate at high distortion areas
such as twin and deformation bond boundaries and propagated into
definite crystallographic directions. Similar observations were
noted in other alloy systems that underwent a strain induced 
62 63 64transformation, ' ' and there it was concluded that regions
of high energy were favoured sites for the nucleation of 
martensitic platelets.
Microhardness data, Table 3, indicated that the hardness was 
higher in the platelet regions compared to the untransformed 
regions. This would be expected since the hardness of the 
dj phase of the Zr-3%Mo-l%Al is much higher than that of the 
retained 3 phase.
The strain transformation is directly related to the 
temperature of deformation. Similar reductions in thickness by 
rolling at 200°C, room temperature and liquid nitrogen temperature 
produced different amounts of transformed product, figures 28 and 
29. The greatest degree of transformation was found to occur on 
rolling at liquid nitrogen temperature, the least amount of 200°C 
(Table 4) . This phenomenom can be explained by the fact that 
liquid nitrogen temperature is closer if not below the Ms 
temperature as compared to 200°C. In addition, more distorted 
regions would be produced at the lower temperature which, as
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mentioned earlier, are favoured sites for the nucleation of 
martensitic platelets. Similar observations were found in other 
systems in which low temperature deformation resulted in a strain 
trans f ormati on.^ ^ ^
The "two surface analysis" of a Laue back reflection pattern 
of Zr-3%Mo-l%Al, figure 24, indicated that the a, transformation 
initially occurred close to a (111), habit plane. This observation
p
is in fairly good agreement with the results obtained by Liu and
13 52 17 53Margolin , Weinig and Machlin and Christian ' . The first
two observed the strain transformation in titanium and zirconium
alloys occurring near (334) and (344). habit planes. Christian
p P
noted that the transformation in zirconium alloys lay a little 
closer to the (001)-(111) boundary and results scattered around 
the (111), plane.
p
Orientation relationships between the a( phase and the
retained 3 phase were obtaining using electron S.A.D. patterns.
The observed parallelisms were (100) g| | (1012) and (111).||(1120)
P 061 p Ct
These relationships are similar to the results of others who
observed parallelisms between the 3 phase and the a1 phase on
quenching^6 or a" phase on ageing^0. The results would indicate
12a shear type of transformation as first described by Burgers.
In general, because of the plate-like morphology of the a( 
phase, supersaturation of its hep lattice with alloying additions 
and ability to form on deformation at temperatures as low as liquid 
nitrogen, it is believed that the transformation of 3-^ot, on 
deformation of quenched Zr-3%Mo-l%Al is dif fusionless in nature.
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However, it is not possible to state whether the deformation 
produces the athermal martensite, that which would be produced by 
quenching pure zirconium or zirconium with a limited amount of 
beta stabilizing additions, or the isothermal martensite normally 
observed on low temperature ageing.
The former process can be in effect if it is assumed that the 
Md temperature for Zr-3%Mo j.s below room temperature, and that by 
the addition of 1% aluminum, the Md temperature is raised above 
room temperature. The Ms temperature in both cases would have to 
be below room temperature. This reasoning appears to be valid
since it has been noted that molybdenum in zirconium reduces the
16 24 22 23Ms temperature ' and that aluminum in zirconium raises it '
Liquid nitrogen temperature deformation would produce the most
transformation for a given strain since it would be closer to if
not below the Ms temperature.
The formation of isothermal martensite can also take place 
since it has been observed in many systems^'6^ t h a t  deformation 
accelerates its formation. Also, the platelet structures of isothermal 
a are similar to the strain induced platelets in Zr-3%Mo-l%Al,If 
this type of transformation is in effect, the Reaction Path Theory 
and the Machlin and Cohen theory would best apply. They state that 
isothermal martensite is produced by thermal fluctuations superimposed 
on the existing embryos on isothermal holding. They also suggest 
that deformation can cause the formation of isothermal martensite 
by the addition of strains to existing embryos. In addition, they 
state that the martensitic plates form in distorted regions and 
most transformation occurs at low temperature deformation.
In any case, the important fact is that deformation of quenched
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Zr-3%Mo-l%Al produces the formation of a supersaturated martensitic 
alpha phase. Therefore, the presence of the 1% aluminum in the 
Zr-3%Mo decreases the stability of 6 with respect to its decomposition to an a. 
D. EFFECT OF THERMOMECHANICAL TREATMENT
(1) Zr-3wt%Mo
Considering the Zr-3%Mo alloy, it was found that deformation 
only work hardened the retained 3 phase. The effect of prior 
30% deformation of the retained 3 phase on the high temperature 
properties was found to be minimal in that identical phases and 
hardnesses were noted at each ageing temperature, figure 32.
(2) Zr-3wt%Mo-lwt%Al
Deformation of this alloy produced a strain induced 
transformation to a,. On ageing the 30% deformed and transformed 
alloy for 8 hours at 400°C, the alloy achieved the highest 
hardness of any sample tested, despite the fact that no to was 
present. The hardness decreased at 500°C and was essentially 
the same as the quenched and aged alloy at 600°C. It is 
apparent, therefore, that the beneficial effects of the strain 
induced transformation tends to disappear at ageing temperatures 
in the ranges of 500°C to 600°C, figure 33.
X-ray diffractometry did not reveal the formation of any 
new phases on ageing between 400°C and 600°C; however, a slight 
straightening and shifting of a, reflections towards lower 20 
angles were noticed. These observations plus the fact that the 
a, platelets appeared to disappear on ageing at 600°C for 8 hours, 
figure 36, would tend to indicate that the stable a phase was 
forming from the a( phase accompanied by a rejection of molybdenum.
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These results have been observed in Zr-2.5%Nb alloys in which an
, 9  2 9
a phase precipitated from an athermal a martensite. '
Thus, the high hardness on ageing at 400°C would be due to 
the precipitation of fine a. Overaging would cause the slight 
decrease in hardness at higher temperatures.
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VI SUMMARY AND CONCLUSIONS
(1) On decreasing cooling rates from the beta region, the sequence 
of phase formation in Zr-3%Mo and Zr-3%Mo-l%Al alloys is g->-ur»-a
(2) The 1% aluminum addition to Zr-3%Mo tends to increase the stabi­
lity of the beta phase with respect to its decomposition to 
omega on quenching.
(3) Ageing the quenched alloys produces a g->-g+U) transformation at 
400°C, while at higher temperatures a g-*-g+cr>-oi +ZrMo2transforma­
tion occurs.
(4) An increase in hardness accompanies the omega formation in 
both alloys.
(5) The stable alpha phase of the Zr-3%Mo-l%Al alloy is much harder 
than the stable alpha phase of the Zr-3%Mo alloy.
(6) A plate-like alpha phase forms from the omega phase on continued 
ageing at lower temperatures in the Zr-3%Mo-l%Al alloy.
(7) A strain induced transformation from the retained beta phase to 
an a, phase occurs on room temperature deformation of the 
Zr-3%Mo-l%Al alloy.This transformation is thought to be
diffusionless in nature.
(8) In the course of the strain transformation a high hardness, 
strength and ductility are produced.
(9) The habit plane of the strain transformation in Zr-3%Mo-l%Al 
is a (Hl)g type.
(10) The a, transformation exhibits the following orientation 
relationships: (100)  ^ || (1012)  ^and (111)^ || (1120)a
(11) Deformation prior to ageing produces no useful results in the 
Zr-3%Mo alloy, however, a high hardness is found on ageing the 
deformed and transformed Zr-3%Mo-l%Al alloy, a fact which is 
explained on the basis of a precipitation hardening effect.
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APPENDIX I 
FORM AND COMPOSITION OF THE ALLOYS
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Zr-3 wt.% Mo Rods
4 in. in length 
9/16 in. in diameter
wt. % Zr 96.9 
wt. % Mo 3.1
Zr-3 wt.% Mo Strips
9 in. in length 
3/4 in. in width 
1/8 in. in thickness
Zr-3 wt.% Mo-1 wt.% Al Strips 
9 in. in length 
3/4 in. in width 
1/8 in. in thickness
Zr-3 wt.% Mo-1 wt.% Al Rods 
4 in. in length 
9/16 in. in diameter
wt. % Zr 95.8 
wt. % Mo 3.1 
wt. % Al 1.1
* Electron Microprobe analysis was done by the Atomic Energy
o£ C a n a d a  Limited, C h a l k  River, Ontario.
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APPENDIX II
Calculation of Stress, Strain and Resistivity 
during Tension Test
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The graph that was obtained on the Instron Tensile Tester was 
a load vs. strain curve. The strain was observed directly off the chart 
while the stress could be calculated from the load at each position of 
strain from the formula:
S = P/A
when S = stress (lb./in^)
P = load (lb.)
A = cross sectional area in the CENtre of the 
sample (in.2)
The resistance between the probes of the sample was also 
found at various small intervals of strain during the test. The 
resistivity was calculated from the resistance by the following method.
(1) Let Poisson's ratio be 0.35 which was the value obtained by 
Schwope and Stokett (Reference 1, p. 186) in their studies 
on zirconium.
(2) Apply the Poisson equation.
e = Ad/d x L/AL
when £ = Poisson's Ratio
d = initial diameter of sample which was known (in)
L = initial length of sample between the probes
which was known (in)
AL = change in length at any point during straining
which could be calculated from the stress-strain 
curve (in)
Ad = unknown change in diameter of sample at any
point during straining which could be calculated 
from this equation in terms of e . (in)
(3) Knowing Ad, the change in radius of the sample was Ad/2 at any 
point of strain
Ar = Ad/2 
where Ar = change in radius (in)
(4) The actual cross sectional area at any point was designated as 
A-AA which was equal to TT^-Ar)^ or ^(d^-Ad^)
(5) Now the resistivity could be calculated at every point of strain 
by using the resistance equation
R ■ p (L + AL)
(A - AA)
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where R = observed resistance at any point during 
straining (ohms)
P = resistivity at any point during straining 
(ohms-inches)
L+AL = distance between probes at any point during 
straining (in)
A-AA = cross sectional area at any point during 
straining (in^ )
The resistances observed from the variable resistor were 
taken about every 1.0% elongation.
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APPENDIX I I I
X-Ray Diffraction Reflections and 
Hardness Values for the Cooled Alloys
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Zr-Mo
Furnace Cooled Air Cooled Water Quenched
20 angle phase 20 angle phase 20 angle phase
32.3 a 35.7 * 3 ( m ) 35.7 * 6 ( t u )
33.2 ZrMo2 51.3 0 ( w ) 51.2 g ( w )
35.0 a 64.0 3 ( oj) 59.0 03
36.1 6 71.1 0) 64.0 6 ( oj)
36.7 * a 86.3 6(io) 71.1 ,03
48.3 a 75.6 B ( oj)
57.2 a 86.3 6(oi)
63.7 a
68.9 a
69.8 ZrMo2
78.0 a
Rockwell A Hardness 52.2 Rockwell A Hardness 70.3 Rockwell A Hardness 66.7
Microhardness VHN 566 Microhardness VHN 441
Zr-Mo-Al
Furnace Cooled Air Cooled Water Quenched
20 Angle Phase 20 Angle Phase 20 Angle Phase
32.2 a 35.9 * 6 ( 03) 35.8 * 6 ( 03)
33.3 ZrMo2 51.2 3 ( oj) 51.6 6 ( 03)
35.2 a 64.4 3 ( t o ) 64.4 8 ( 03)
36.2 6 71.3 0) 75.6 8 ( to )
36.8 * a 86.8 3 ( o j ) 86.6 8 ( to )
48.6 a
57.5 a
64.0 a
69.3 a
70.2 ZrMo2
Rockwell A Hardness 63.7 Rockwell A Hardness 65.0 Rockwell A Hardness 58.5
Microhardness VHN 575 Microhardness VHN 355
* denotes major peak
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APPENDIX IV
X-Ray Diffraction Reflections and Hardness 
Values for the Quenched and Aged Alloys
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Zr-Mo
Quenched-Aged at 400°C Quenched-Aged at 400°C Quenched-Aged at 500°C
for 8 hours for 24 hours for 8 hours
20 An^le Phase 20 Angle Phase 20 Angle Phase
35.7 * e(u) 35.7 * 6(a)) 32.0 a
46.4 u) 46.2 0) 35.1 a
51.0 6(u>) 63.8-64.1 6(a)) 35.8 * 8(a))
63.8 6(a)) 36.6 * a
70.9 co 46.3 a)
76.6 6(a)) 48.1 a
86.4 0 (to) 51.2 6(a))
57.0 a
63.7 a
68.6 a
70.1 0)
75.7 6(a))
82.4 a
Rockwell A Hardness 71.8 Rockwell A Hardness 72.6 Rockwell A Hardness 63.8
Quenched-Aged at 600°C Quenched-Aged at 600°C
for 8 hours for 24 hours
20 Angle Phase 20 Angle Phase
31.9 a 32.1 a
34.9 a 33.2
35.9 8(u) 35.0 a
36.7 * a 36.0 6(a))
48.9 a 36.6 * a
51.8 6(a)) 48.2 a
56.9 a 52.0 6(a))
63.8 a 57.1 a
64.7 6(a)) 63.6 a
68.5 a 64.7 6(a))
82.4 a 68.7 a
90.5 a 69.9 Zr-Mo2
96.0 a
99.8 a
Rockwell A Hardness 62.5 Rockwell A Hardness 58.0
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Zr-Mo-Al
Quenched-Aged at 175°C 
for 100 hours
Quenched-Aged at 
for 8 hours
400°C Quenched-Aged at 400°C 
for 24 hours
20 Angle Phase 20 Angle Phase 20 Angle Phase
32.5 a 35.8 * 3(a>) 32.5 “1
35.4 a 46.4 0) 35.5 al
35.9 * 3(a)) 51.3 3 (a)) 35.8 * 3(a))
36.7 a 64.1 3(cd) 36.8 al
46.3 0) 70.8 0) 46.5 0)
51.3 U) 75.6 3(a)) 51.3 3(a))
51.7
63.7
64.3
66.5
71.3 
76.0
86.6
3
a(oj)
3(a))
a
0)
3(a))
3(a))
86.0 3(co) 
92.7 w
Rockwell A Hardness 69.5
64.2 3(o>) 
Rockwell A Hardness 69.0
Quenched-Aged at 500°C Quenched-Aged at 600°C Quenched-Aged at 600°C
for 8 hours for 8 hours for 24 hours
20 Angle Phase 20 Angle Phase 20 Angle Phase
32.2 a 32.3 a 32.3 a
35.2 a 35.2 a 33.1 ZrMo2
35.8 3(oj) 36.0 3(a)) 35.2 a
36.7 * a 36.7 a 36.1 3 (a))
48.3 a 51.0 - 53.0 3(a)) 36.7 * a
51.0 - 53.0 3(oj) 57.2 a 48.4 a
63.8 a 63.9 a 52.0 3(a))
64.1 3(a)) 66.4 a 57.4 a
66.4 a 68.8 a 63.9 a
68.8
69.4
91.1
a
a
a
91.0 a 64.8
66.4
69.2
70.1
3 (a)) 
a 
a
ZrMo2
Rockwell k Hardness 70.1 Rockwell A Hardness 70.0 Rockwell A Hardness 68.0
* denotes major peak
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APPENDIX V 
Resistivity Data
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ZrMo Alloy
o
Original cross sectional area (A) 0.044 in
Maximum tensile stress 89,200 psi
Original distance between probes (L) 0.66 in
Original resistance (R) 710 y
Original resistivity (p) 48.0 y-in
ZrMoAl Alloy
Original cross sectional area (A) o 049 in
Yield point 44,000 psi
Maximum tensile stress 116,500 psi
Original distance between probes (L) 0.60 in
Original resistance (R) 713 y
Original resistivity (p) 58.2 y-in
Elongation (%in) Resistance (y) Resistivity (y-in)
0 713 58.2
1 - -
2 707 56.2
3 717 55.6
4 721 55.3
5 729 55.1
6 737 54.6
7 746 54.2
8 760 54.8
9 773 54.5
10 785 54.2
11 790 53.9
12 804 53.9
13 820 54.1
14 837 53.5
15 847 53.7
16 - -
17 863 53.3
18 872 53.2
19 886 53.4
20 905 53.3
21 914 52.8
22 925 52.5
23 939 52.6
24 947 52.5
25 960 52.4
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
Sample Calculation
at 12% elongation
Poisson ratio (e) - assumed to be s 0.35
Original diameter (d) - 0.25 in
Original distance between probes (L) - 0.60 in
change in L at 12% elongation (AL) - 0.60 x .12 = 0.072 in
2
Original cross sectional area A - 0.49 in
therefore Ad = (d)(e)AL = .25 x .35 x .072 = 0.0105 in
L .60
now the actual diameter at 12% elongation
is d - Ad = 0.25 - .0105 = 0.239 in
therefore, the cross sectional area at 12% elongation (A-AA) 
is s(d-Ad) = 0.44 in2
now, using the equation p = R (A-AA) and
L+AL
recording the resistance of 804
the resistivity at 12% is 804 x 0.44
(0.6 + .072)
= 53.9 p-in
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
APPENDIX VI 
Indexed Diffraction Patterns of ZrMoAl
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APPENDIX VII
X-Ray Diffraction Reflections and Hardness 
Values for the Quenched, Deformed 30% and 
Aged Alloys
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100
Zr-Mo
Quenched-Rolled 30% Quenched-Rolled 30% 
Aged at 400°C for 8 hours
20 Angle Phase 20 Angle Phase
35.8 * 6  <(0) 35.7 * 8 (co)
51.5 6 ( i d ) 46.4 CO
64.4 8  (co) 51.2 8 (co)
71.8 CO 64.0 8 (co)
76.1 6  (co) 71.1 CO
Rockwell A Hardness 70.6 Rockwell A Hardness 71.5
Quenched-Rolled 30% Quenched-Rolled 30%
Aged at 500°C for 8 hours Aged at 600°C for 8 hours
20 Angle Phase 20 Angle Phase
32.2 a 32.3 a
35.0 a 34.9 a
36.0 6 (co) 36.2 8 (co)
36.7 * a 36.6 * a
46.3 CO 48.0 a
51.8 6 (co) 51.8 8 (co)
57.0 a 57.0 a
63.5 a 63.6 a
64.9 8 (co) 64.8 8 (co)
66.8 a 66.6 a
68.5 a 68.5 a
73.5 a a
82.4 a
Rockwell A Hardness 61.8 Rockwell A Hardness 61.8
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101
Zr-Mo-Al
Quenched-Rolled 30% Quenched-Rolled Aged at 400°C for 8
30%
hours
26 Angle Phase 20 Angle Phase
32.5 a , 32.4 a
35.3 * a . 35.3 * a
37.0 a, 36.9 a
57.3 a, 48.7 a
64.3 a, 57.3 a
68.6 a, 64.4 a
68.8 a
74.3 a
83.3 a
Rockwell A Hardness 67.5 Rockwell A Hardness 73.0
Quenched-Rolled 30% Quenched-Rolled 30%
Aged at 500°C for 8 hours Aged at 600°C for 8 hours
20 Angle Phase 20 Angle Phase
32.4 a 32.3 a
35.2 * a 35.3 * a
36.9 a 36.8 a
48.6 a 48.6 a
57.5 a 57.5 a
64.1 a 64.1 a
68.8 a 68.8 a
74.3 a a
Rockwell A Hardness 72.5 Rockwell A Hardness 70.2
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
VITA AUCTORIS
NAME: GERALD ALLAN DELVECCHIO
BORN: December 21, 19^5. Sau.lt Ste. Marie, Ontario.
HIGH SCHOOL: St. Mary's College, Sault Ste. Marie, Ontario, 196H.
UNIVERSITY: University of Windsor, Windsor, Ontario,
B.A.Sc. (Engineering Materials), 1968.
PROFESSIONAL
SOCIETIES: American Society for Metals.
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
